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Abstract— Tunneling measurements are performed on Ca-rich
single crystals of Bi.Sr.CaCu.0Os4; (Bi2212), with various oxy-
gen doping levels, using a novel point contact method. At 4.2 K,
SIN and SIS tunnel junctions are obtained with well-defined quasi-
particle peaks, robust dip and hump features and in some cases
Josephson currents. The doping dependence of tunneling conduc-
tances of Ca-rich Bi2212 are analyzed and compared to stoichio-
metric Bi2212. A similar profile of energy gap vs. doping con-
centration is found although the Ca-rich samples have a slighly
smaller optimum T, and therefore smaller gap values for any dop-
ing level. The evolution of tunneling conductance peak height to
background ratios with hole concentration are compared. For a
given doping level, the Ca-rich spectra showed more broadened
features compared to the stoichiometric counterparts, most likely
due to increased disorder from the excess Ca. Comparison of the
dip and hump features has provided some potential insights into
their origins.

I. INTRODUCTION

HE peculiar doping dependencies of the superconducting

properties of Bi;SroCaCu;0s45 (Bi2212) has stimulated
interest in similar measurements on other high temperature su-
perconductors (HTSs). It isnecessary to establish what proper-
tiesare universal, not only for all high-7". cuprates, but also for
various non-stoichiometric compositions of a particular HTS.
It is also useful to consider different doping routes other than
oxygen content. The doping dependence of the superconduct-
ing energy gap, A, is now well established for Bi2212 from
tunneling[1], [2] and ARPES [3] studies. The magnitude of the
energy gap scales with 7. in the overdoped regime of Bi2212
indicating conventional behavior, however, in the underdoped
phase, the energy gap magnitude increases with decreasing hole
concentration even as /. dropsto 70K from itsoptimal value of
95 K. Furthermore, the robust spectral features, such as dip and
hump, also persist over awide oxygen doping range of Bi2212,
which offers a link between these features and the supercon-
ductivity mechanism.[4] The tunneling results on Bi2212 also
support a novel contention that the doping dependence of the
energy gap and the pseudogap temperature 7™ closely follow
each other suggesting that the pseudogap state is due to precur-
sor superconductivity.[5]
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In the present paper, we investigated the tunneling con-
ductances in Bis 1Sr 4Ca 5CuU20s45 (Carich Bi2212) by
means of superconductor-insulator-normal metal (SIN) and
superconductor-insulator-superconductor (SIS) junctions, and
compared the results with stoichiometric Bi2212, to obtain in-
formation on the influence of the Sr/Ca ratio on the quasipar-
ticle density of states (DOS). It has been previously found that
the distances between CuO, layers and between SrO and Bi;O-
layers along c-axis become shorter as Bi2212 becomes Carich.
However, the change of the oxygen concentration does not vary
any structural parameters.[6] We would expect that the shorten-
ing c-axis length increases the coupling between CuO- planes,
giving atendency for 7. and the interplane Josephson current to
increase, as inthe case of uniaxial compression.[ 7] Onthe other
hand, the excess Cain the system resides on Sr sites and creates
disorder on the SrO planes next to the CuO- planesresulting in
the decrease of maximum 7;..[8] The two combined effects lead
to a system which is sufficiently different from stoichiometric
Bi2212 to allow a comparative study.

Magnetic susceptibility studies on Ca-rich Bi2212 indicated
that 17,4, @ broad peak in the 7-dependent curve of magnetic
susceptibility occurring above 7, and 7™, does not depend on
the Sr/Caratio.[8] The value kg1),4, 1S cOnsidered as a char-
acteristic energy for the effective antiferromagnetic (AF) inter-
action of Cu-spins and the decrease of magnetic susceptibility
arises from the gradual development of AF spin fluctuations.
Itisfoundthat 2A~2k 5T}, fOr stoichiometric Bi2212 over a
wide doping range. It might be expected therefore that the mag-
nitude of the energy gap in Ca-rich Bi2212 would not change
much for a given doping level.[9] The present study sheds light
on these issues.

Il. EXPERIMENT

We grew high quality singlecrystals of Ca-rich Bi2212 using
the floating zone process. As grown crystals have a 7, of 72-
74 K with superconducting transition width, A7", lessthan 2 K
as measured by ac magnetization. We add extra Bi to the sys-
tem because of the necessity of excess Bi content for obtaining
single phase Bi2212.[10] A maximum 7%, 7¢ mae, Of 8L K is
obtained by annealing in oxygen indicating that 7. ,, 4, Of Sto-
ichiometric Bi2212 drops 14 K with excess Ca in the crystal.
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Fig. 1. Tunneling conductances of five SIN junctions on five different Ca-
rich Bi2212 crystals, each with a different oxygen concentration. Each spectra
is normalized by a constant which is obtained from the high bias conductance
value. The dataare taken at 4.2 K and shifted for clarity.

For this study, the doping range of as grown crystals extended
from overdoped (7.=69 K, AT'<05K and 7.=77 K, AT'<0.3
K), optimally doped (7.=81 K, AT'<1 K) to the underdoped
region (7.=74 and 72 K AT<2 K and 7,=62 K AT<1.2 K),
where overdoped samples where obtained by annealing in oxy-
gen and underdoped samples by annealing in Ar gas flow. Both
SIS break junctionsand SIN junctionswere prepared on freshly
cleaved surfaces by a point contact technique with a Au tip at
4.2 K toreduce any surface contaminations. First SIN junctions
are obtained, followed by SIS junctionsformed by breaking off
a piece of the Bi2212 sample which attaches to the Au tip.[11]
I —V and dI/dV — V characteristics are recorded using the
conventional lock-in technique.[12]

I1l. RESULTS AND DISCUSSION

Fig. 1 shows the tunneling conductances of five SIN junc-
tionsat 4.2 K obtained from five different crystals with 7'.=69
and 77 K overdoped, 7.=81 K optimally doped, 7.=74 K and
T.=62 K underdoped. Here and hereafter in figures the voltage
isthe sample voltage which correspondsto removal of electrons
from the superconductor, in other words the negative biasisthe
occupied quasiparticle statesin the DOS. Each spectrum isnor-
malized by a constant and shifted vertically for clarity. Each
spectrum exhibits quasiparticle peaks at eV ~+ A, which indi-
cates different energy gap magnitudesfor different hole concen-
trations. Hereitisvery important to notice that peculiar spectral
features (dip and hump), which are always observed in careful
tunneling and ARPES studies, [1], [2], [3], [4], [5], [11], [13],
[14], [15] exist over the entire doping range indicating close
relation to superconductivity. As the oxygen doping decreases
from the overdoped region to the underdoped region, the en-
ergy gap magnitude increases as in nonsubstituted crystals of
Bi2212. Furthermore, the overall spectral features persist and
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Fig. 2. Tunneling conductances of five representative SIS junctions on five

different Carrich Bi2212 crystals, each with a different oxygen concentration.
The data are taken at 4.2 K. The spectra (except 7'.=62 K underdoped) are
shifted and Josephson current peaks are removed from the data for clarity.

move out to higher voltages as the gap increases. Except for
the particular overdoped 7.=77 K sample, thereisagenera de-
crease of the conductance peak height to background ratio with
decreasing oxygen concentration, which is consistent with re-
cent ARPES studies which show that the quasiparticle spectral
weight is more broadened in the underdoped regime.[3], [16]

A reproducibly obtained characteristic in tunneling studies
of stoichiometric Bi2212 is a conductance peak height asym-
metry that depends on the hole concentration.[1], [14], [17]
In the overdoped regime the peak in the occupied states is
considerably higher than the one in the unoccupied states and
this cannot be removed from the background by normalization.
In the underdoped regime, the asymmetry is just the opposite
and the crossover occurs near optimal doping. Recent mod-
els of asymmetry in tunneling studies of Bi2212 [18], [19]
have suggested that this might be an intrinsic effect. How-
ever, another tunneling study of Bi2212 by scanning tunneling
mi croscopy/spectroscopy (STM/STS) shows a more consistent
asymmetry between overdoped and underdoped Bi2212.[15]
Since the tunneling conductances obtained by STM/STS may
be susceptible to an energy dependent background, such effects
need to be considered as well. On the other hand, the quasi-
particle spectral peaks in Carrich Bi2212 in Fig. 1 show an
asymmetry whereby the peaks at the unoccupied side of DOS
are higher. Only the most overdoped sample exhibits the more
standard asymmetry. If thereisashift of theasymmetry, itisoc-
curring somewhere in the overdoped region. Furthermore, for a
given doping level (e.g. optimal 7.) the Ca-rich spectra appear
more broadened than the stoichiometric spectra. Thismay be a
consequence of the increased disorder from the excess Ca.

It is useful to obtain SIS junctions not only as a consistency
check but because the reduced smearing effectsin SIS junctions
allow a direct measure of the energy gap from the quasiparti-
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Fig. 3. Thephasediagram of the Bi2212 system. The solid and dashed curves
correspond to 7' of the stoichiometric and Ca-rich Bi2212 respectively using
theemprical formulaTc/T, ymqx=1-82.6(p-0.16)2. The solid lineisthe line fit
to Ref. [1]. Thetriangles are the present datawhich are averages of energy gap
values obtained from SIN and SIS tunneling experiments (see legend).

cle peak positions (+2A). Also, the high-bias spectral features
are amplified in the SIS geometry. Fig. 2 shows normalized
tunneling conductance-voltage characteristics of five SIS junc-
tions from five different hole concentrations (7°.=69 and 77 K
overdoped, 7.=81 K optimally doped, 7.=74 and 62 K under-
doped). These were measured at 4.2 K, normalized by a con-
stant (at 200 mV) and shifted for clarity. The Josephson current
peaks are erased for clarity and will not be discussed in this pa-
per. Similar to Fig. 1 which shows SIN junctions, Fig. 2 also re-
veals an increasing energy gap magnitude with decreasing hole
concentration for SIS junctions. At the same time, more pro-
nounced dip and hump structuresal so shift towards higher ener-
gies with underdoping. Note that the peaks correspond to +2A
and therefore the characteristic energies of the dip and hump
are shifted by an additional A. It has been clearly shown that
the SIN data can reproduce the SIS spectrum by cornvoluting it
by itself.[1] Some of the SIS spectra exhibit rather large peak
widths which may be an indication of an inhomogeneous gap
distribution within the junction area.

In Fig. 3 are shown the measured gap values vs. hole con-
centration in Carrich Bi2212. The solid and dashed curve are
the 7. for stoichiometric Bi2212 and Ca-rich Bi2212 respec-
tively, where the maximum critical temperature, 7. ,,,45, iS 95
K for stoichiometric Bi2212 and 81 K for Ca-rich Bi2212. The
hole concentrations, p, are estimated from the empirical for-
mula Tc/TcymM:1-82.6(p-0.16)2. The solid line is the linear
fit to our previously published data.[1] The gap magnitudes are
estimated directly from the quasi particle peaks without any fit
to d-wave BCS theory. Contrary to our previous observations
on stoichiometric Bi2212 which show similar gap magnitudes
for SIN and SIS junctions, in Ca-rich Bi2212 we observed not
only a large scattering of energy gap magnitudes, but also an
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Fig. 4. Comparison of stoichiometric and Ca-rich Bi2212 SIN data. The upper
two spectraare overdoped crystalswith similar gap valuesand 7" .’s. While the
lower two spectras have similar gaps, they have different 7'.’s.

accumul ation of averaged gaps at different energy locationsfor
two different types of junction geometry, SIN and SIS. Each
hole concentration depicts at least 10 SIN and SIS junctions to
get reasonable statistical distribution of the energy gap magni-
tudes. The gap magnitude average of SIS junctions is larger
than the gap magnitude average of SIN junctionsin the under-
doped range. However, over the wide doping range which is
examined, the error bars of both junction geometries lie top
of each other. Our use of the peak voltage in SIN junctions
leads to an overestimate of the gap, which makes the discrep-
ancy between SIS and SIN gap values a bit larger. The origin
of this discrepancy is not known but perhaps the increased de-
fect density in the Carrich Bi2212 allowsa higher diffusionrate
for oxygen. Since the equilibrium oxygen concentration in air
leads to slight overdoping, this tendency would give a smaller
gap on the surface compared to the bulk, the latter being probed
by SIS break junctions.

Whilethe average gap magnitude is smaller than for stoichio-
metric Bi2212, at least part of thisis dueto the generally lower
T, vaue for any hole concentration in Ca-rich Bi2212. Note
however that the overall doping dependence shows the same
trend, that is, the gap increases in the underdoped region even
as 1, decreases.

In order to understand the spectral features of stoichiomet-
ric and Ca-rich Bi2212, we compare spectrathat have the same
gap magnitude. For example, we plotted two overdoped SIN
junctions which have similar gap magnitudes in the top part of
Fig. 4. Note that the 7, values are not that different. Both
tunneling conductances are normalized by a constant and Ca-
doped Bi2212 is shifted by 0.7 units. Thisfigure showsthat the
tunneling conductances are nearly identical, showing the same
d-wave like subgap conductance, sharp quasiparticle peaks, and
dip/hump features at similar energies. The bottom part of Fig.
4 shows optimally doped 7. =95 K stoichiometric Bi2212 com-



pared with underdoped 7.=62 K Ca-rich Bi2212, both of which
have gap values near 40 meV. While the hump energies are
nearly the same, the location of the dip feature is considerably
different in the two spectra as are the critical temperatures. The
latter effect is consistent with previous observations that the
dip location follows the neutron resonance mode energy which
scales with 7. and not the gap energy.[4] The smaller 7, value
of the Ca-rich sample would thereby imply a smaller resonance
mode energy which would put the dip location closer to the gap
edge. At present these results are qualitative and await further
quantitative analysis.

In summary, we have prepared Ca-rich Bi2212 crystals and
varied the doping via the oxygen concentration. The optimum
T, vaue of the Carrich samples is 81 K, significantly smaller
than the optimum value of 95 K in stoichiometric Bi2212. The
key result is that the trend of the energy gap vs. dopingisthe
same in both types of Bi2212. This suggests that this trend is
auniversal feature of high 7. cuprates. Preliminary analysis of
the tunneling spectra suggests that the hump feature scales di-
rectly with the energy gap but that the dip feature is tied more
closely to the bulk 7'.. Such abehavior is consistent with previ-
ous investigations which suggest the dip feature islinked to the
resonance mode found in neutron scattering.

IV. ACKNOWLEDGMENTS

This research is supported by the U.S. Department of En-
ergy, Basic Energy Sciences—Materials Sciences, under con-
tract number W-31-109-ENG-38 and TUBITAK (Scientific
and Technical Research Council of Turkey) project number
TBAG-2031. L.O. acknowledges support from Young I nvesti-
gators Award of Turkish Academy of Sciences. N.M. acknowl-
edges support from Grant-in-Aid for Encouragement of Young
Scientists from the Ministry of Education, Science and Culture,

Japan.

REFERENCES

[1] N. Miyakawa, J. F. Zasadzinski, L. Ozyuzer, P. Guptasarma, D. G. Hinks,
C. Kendziora, K. E. Gray, “Predominantly Superconducting Origin of
Large Energy Gapsin Underdoped Bi , Sro CaCu, Og 4 s from Tunneling
Spectroscopy,” Phys. Rev. Lett. Vol. 83, pp.1018-1021, Aug. 1999.

[2] Ch. Renner, B. Revaz, J-Y. Genoud, K. Kadowaki, @. Fischer, “Pseu-
dogap precursor of the superconducting gap in under- and overdoped
Bio Sr, CaCu» Og 4 5,” Phys. Rev. Lett., Vol. 80, pp. 149-152, Jan. 1998.

[3] J.C. Campuzano, H. Ding, M.R. Norman, H.M. Fretwell, M. Randeria,
A. Kaminski, J. Mesot, T. Takeuchi, T. Sato, T. Yokoya, T. Takahashi, T.
Mochiku, K. Kadowaki, P. Guptasarma, D.G. Hinks, Z. Konstantinovic,
Z.Z.Li, H. Raffy, “Electronic spectraand their relation to the (r, )

(4

(5]

(6]

(8

(9

(1]

(11

[12]

[13]

[14]

[19]

[16]

[17]

(18]

[19]

collective mode in high-T . superconductors,” Phys. Rev. Lett., Vol. 83,
pp. 3709-3712, Nov. 1999.

JF. Zasadzinski, L. Ozyuzer, N. Miyakawa, K.E. Gray, D.G. Hinks,
C. Kendziora, “Correlation of Tunneling Spectra in Bi, Sro CaCuyOg 4 5
with the Resonance Spin Excitation,” Phys. Rev. Lett., Vol. 87, 067005,
Aug. 2001.

R.M. Dipasupil, M. Oda, N. Momono, M. Ido, “Energy gap evolutionin
the tunneling spectra of Bi, Sro CaCu, Og 4 5," J. Phys. Soc. Jpn., Vol. 71,
pp. 1535-1540, June 2002.

T. lwamatsu and H. Uwe, “Normal-State Uniform Magnetic-
Susceptibility and Superconductivity in BizSr.Cas_.CuOy," J.
Phys. Soc. of Japan, Vol. 62, pp. 1017-1024, March 1993.

Y. Tgjima, M. Hikita, M. Suzuki, Y. Hidaka, “Pressure-effect study on
high-T. superconducting single crystal of 84 K Bi-Sr-Ca-Cu-O system,”
Physica C, Vol. 158, pp. 237-240, Apr. 1989.

H. Tokita, H. Asano, H. Uwe, “Magnetic susceptibility of thenormal state
in oxygen-controlled Carrich Bi-2212 cuprate,” Physica C, Vol. 357-360,
pp. 166-168, Aug. 2001.

M. Oda, N. Momono, M. Ido, “What is the energy scale in determining
the T, of cuprate superconductivity?,” Supercond. Sci. Technol., Vol. 13,
pp. R139-146, Nov. 2000.

P Magewski and B. Hettich, “The single phase regions and
the phase stability of the high-T. superconducting compounds
Bi2+$ (Sr,Ca)3 CU2 Og+d (2212) and Bi 24z (SF,CB)4 CU3 OlO-I-d (2223),"
Mat. Res. Soc. Symp. Proc., Vol. 275, pp. 627-632, Apr. 1992.

L. Ozyuzer, J. F. Zasadzinski, C. Kendziora, K. E. Gray , “Quasiparticle
and Josephson tunneling of overdoped Bi 2 Sr; CaCuz Og 15 single crys-
tals,” Phys. Rev. B, Vol. 61, pp. 3629-3640, Feb. 2000.

L. Ozyuzer, J. F. Zasadzinski and K. E. Gray, “Point contact tunnelling
apparatus with temperature and magnetic field control,” Cryogenics, Vol.
38, pp. 911-915, Sept. 1998.

L. Ozyuzer, J. F. Zasadzinski, K. E. Gray, C. Kendziora, N. Miyakawa,
“Absence of Pseudogap in Heavily Overdoped Bi 2 Sr; CaCu; Og . 5 from
Tunneling Spectroscopy of Break Junctions,” Europhysics Letters, Vol.
58, pp. 589-595, May 2002.

Y. DeWilde, N. Miyakawa, P. Guptasarma, M. lavarone, L. Ozyuzer, J.F.
Zasadzinski, P Romano, D.G. Hinks, C. Kendziora, G.W. Crabtree, K.E.
Gray, “Unusual strong-coupling effects in the tunneling spectroscopy of
optimally doped and overdoped Bi > Srp CaCu, Og 1. 5,” Phys. Rev. Lett.,
Vol. 80, pp. 153-156, Jan. 1998.

SH. Pan, JP. O'Neal, R.L. Badzey, C. Chamon, H. Ding, JR. Engel-
brecht, Z. Wang, H. Eisaki, S. Uchida, A.K. Gupta, K.W. Ng, E.W. Hud-
son, K.M. Lang, J.C. Davis, “Microscopic electronic inhomogeneity in
the high-T . superconductor Bi, Sro CaCu; Og 4 5, Nature, Vol. 413, pp.
282-285, Sept. 2001.

D.L. Feng, D.H. Lu, K.M. Shen, C. Kim, H. Eisaki, A. Damascelli,
R. Yoshizaki, J. Shimoyama, K. Kishio, G.D. Gu, S. Oh, A.Andrus, J.
O'Donnell, J.N. Eckstein, Z.X. Shen, “Signature of superfluid density in
the single-particle excitation spectrum of Bi Sro,CaCuzOg 1. 5," Science,
Vol. 289, pp. 277-281, July 2000.

Ch. Renner, B. Revaz, J.-Y. Genoud, @. Fischer, “Oxygen dop-
ing and temperature dependence of the tunneling spectroscopy on
Bi Srp CaCuz Og 4 5," J. Low Temp. Phys,, Vol. 105, pp. 1083-1089 Dec.
1996.

JE. Hirsch, “Slope of the superconducting gap function in
Bi> SrpCaCu,Og s measured by vacuum tunneling spectroscopy,”
Phys. Rev. B, Vol. 59, pp. 11962-11973, May 1999.

Z. Yusof, JF. Zasadzinski, L. Coffey, N. Miyakawa, “Modeling of tunnel-
ing spectroscopy in high-T . superconductors incorporating band struc-
ture, gap symmetry, group velocity, and tunneling directionality,” Phys.
Rev. B, Vol. 58, pp. 514-521, July 1998.



